Magnolia sirindhorniae Noot. & Chalermglin is an endangered species with high ornamental and commercial value that needs to be urgently protected and judiciously commercialized. In this study, a protocol for efficient regeneration of this species is standardized. The lateral buds of the M. sirindhorniae plant were used as an explant. Half-strength Murashige and Skoog (MS) medium supplemented with 2.0 mg/L 6-benzyladenine (BA), 0.1 mg/L α-naphthaleneacetic acid (NAA), and 2.0 mg/L gibberellic acid (GA 3 ) was found to be the optimal medium for shoot induction. The maximum shoot multiplication rate (310%) was obtained on Douglas-fir cotyledon revised medium (DCR) fortified with 0.2 mg/L BA, 0.01 mg/L NAA, and additives. The half-strength DCR medium supplemented with 0.5 mg/L NAA and 0.5 mg/L indole-3-butyric acid (IBA) supported the maximum rate (85.0%) of in vitro root induction. After a simple acclimatization process, the survival rate of plantlets in a substrate mixture of sterile perlite and peat soil (1:3; v/v) was 90.2%. DNA markers were used for assessment of genetic uniformity, confirming the genetic uniformity and stability of regenerated plants of M. sirindhorniae. Thus, the described protocol can safely be applied for large scale propagation of this imperative plant.
www.nature.com/scientificreports www.nature.com/scientificreports/ of genetic instability than by the other regeneration routes, and it is a more reliable method for clonal propagation 9, 10 . Many endangered magnolia species with high ornamental or commercial value, such as M. dealbata and M. punduana, have been protected and expanded by in vitro propagation [11] [12] [13] . However, only one root initiation study of M. sirindhorniae has been conducted in which root initiation (90%) was obtained on USK II medium (described by Chaidaroon, 2004 ) with 4.0 mg/L indole-3-butyric acid (IBA) after 24 days 14 . To date, no studies have reported a protocol for efficient regeneration of this important rare species. Therefore, we explored an efficient protocol for in vitro plant regeneration via shoot induction of M. sirindhorniae for the mass propagation of this precious magnolia plant.
Under the long-term in vitro process, various factors such as media composition and plant growth regulators may result in variations in regenerated plants 15 . Therefore, the genetic uniformity assessment of regenerated plants is of great importance. In recent years, random amplified polymorphic DNA (RAPD) and inter simple sequence repeat (ISSR) have successfully used for assessing the genetic fidelity of regenerated plantlets in many plant species [16] [17] [18] . In the present study, the semi-lignified nodal segments of a 10-year-old M. sirindhorniae plant were used as the explants, followed by optimization of protocol for axillary bud induction, cluster bud proliferation, rooting, and acclimatization. The genetic uniformity of regenerated plants was assessed by RAPD and ISSR markers. This research will be of great help to preserve this important species.
Methods
Plant material and preparation of explants. The semi-lignified nodal segments were collected from Shen Zhou Magnolia Park (113°18′E, 23°06′N) in the South China Agricultural University (Fig. 1a) . After cleaning in a solution of 5% (v/v) liquid detergent, they were washed under running tap water for 1 hour. Further, they were cut into segments (2-5 cm) with one or two buds, then surface-sterilized with 75% (v/v) ethanol for 30 s, followed with 0.1% (w/v) mercuric chloride solution for 8-20 min. Afterwards, they were rinsed with sterile distilled water five times. After cutting off two ends, the sterilized explants were inoculated vertically on halfstrength MS medium supplemented with different concentrations and combinations of plant growth regulators for shoot induction.
Culture media and growth conditions. Murashige and Skoog (MS) 19 medium, woody-plant medium (WPM) 20 , Gamborg's B-5 Basal Medium (B5) 21 and Douglas-fir cotyledon revised medium (DCR) 22 were used in this study. All the media were adjusted to pH 5.8, solidified with 7 g/L agar, and autoclaved at 121 °C for 15-18 min. The medium used for the shoot bud induction and multiplication contained 30 g/L sucrose and that used for the rooting contained 15 g/L sucrose. The cultures were incubated in the laboratory at 24 ± 2 °С under a 16/8-h (light/dark cycle) photoperiod provided with cool white fluorescent light (1500-3000 Lx) 23, 24 .
Shoot bud initiation. Half-strength MS medium was chosen as the basal culture medium for shoot induction 25, 26 . The effect of different concentrations of diverse plant growth regulators added to half-strength MS medium was compared. Orthogonal design was adopted and repeated three times; each treatment consisted of 10 explants. The concentrations were as follows: 6-benzyladenine (BA): 0.5, 1.0, 2.0 mg/L; α-naphthaleneacetic acid (NAA): 0, 0.05, 0.1 mg/L; gibberellic acid (GA 3 ):0, 1.0, 2.0 mg/L. Three levels of each of the three factors were examined in nine experimental runs (orthogonal array L 9 (3 4 )) 27, 28 . After four weeks of incubation, the percentage of shoot induction, time taken for bud initiation (marked by separation layer on the edges of the petiole), and the growth state of the buds were recorded.
Shoot proliferation. Nodal segments (1-2 cm) were cut off and transferred into fresh half-strength MS medium supplemented with different concentrations of BA (0.1, 0.2, 0.4, and 0.6 mg/L) in combination with NAA (0.01, 0.02, 0.04, and 0.06 mg/L) individually in order to standardize the maximum rate of shoot multiplication; there were 16 treatments in total. In addition, six different basal culture media (MS, 1/2 MS, 3/4 MS, WPM, B5, and DCR) with the same plant growth regulators were compared during the phase of subculture, and the optimal medium was selected. After four weeks of incubation, the multiplication rate and number of new shoots per explant (≧0.5 cm) were recorded.
Rooting. Individual shoots (≧1.2 cm height) were cut off and transferred into rooting media. Observations were recorded after every two days 29, 30 . To optimize the best root induction medium, half-strength DCR medium was chosen as the rooting medium and was supplemented with different compositions and concentrations of the plant growth regulator: NAA (0. Acclimatization. Plantlets that were observed to have well-developed roots after four weeks were transferred to a greenhouse and kept for approximately 5-7 days. Afterwards, the plantlets were gently removed from the culture vessels and washed off the adhering medium. Subsequently, they were transplanted to plastic cups containing mixture of perlite and peat soil in a ratio of 1:3 (v/v), which had been disinfected with potassium permanganate solution (1000-1250 ppm). The survival rate was calculated after one month.
Assessment of genetic uniformity. For genetic fidelity studies, total genomic DNA was extracted from fresh leaves of 18 randomly selected acclimatized plants and their mother plant using the Cetyltrimethyl Ammonium Bromide (CTAB) method 31 . In addition, the total genomic DNA of another M. sirindhorniae plant developed from seed was also extracted as the negative control. The concentration of DNA was measured using a NanoDrop 2000 (Thermo Fischer Scientific, Waltham, MA, USA). For RAPD analysis, a total of 18 primers (TsingKe Biological Technology, Tianjin, China) were used according to previous reports 32, 33 and initial experiments. The ISSR analysis was performed with three ISSR primers (TsingKe Biological Technology, Tianjin, China), which had been selected for genetic analysis of Magnolia in previous reports 34, 35 . DNA amplification for RAPD and ISSR markers was performed in a volume of 25 μL reaction mixture containing 2.0 μL of template DNA (50-60 ng), 12.5 μL of 2 × Taq Plus MasterMix (Beijing ComWin Biotech Co., Ltd., Beijing, China), 1.0 μL of 10 μM forward and reverse primer, and 8.5 μL ddH 2 O. RAPD amplification was performed in a thermal cycler (Bio-Rad, Hercules, CA, USA) programmed for initial denaturation at 94 °C for 5 min, followed by 40 cycles of denaturation at 94 °C for 45 s, annealing at 37 for 45 s, and extension at 72 °C for 90 s with a final extension at 72 °C for 10 min. ISSR amplification was performed in a thermal cycler (Bio-Rad) programmed for initial denaturation at 94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 54 for 30 s, and extension at 72 °C for 30 s with a final extension at 72 °C for 3 min. All the PCRs were repeated three times, using the same conditions to check the accuracy of the amplified products. Amplified products were electrophoresed in 1.5% agarose gel containing 0.25 μg/mL ethidium bromide (Invitrogen, Carlsbad, CA, USA) using 1x TAE (Tris Acetate EDTA) buffer. The size of the amplification products was estimated by 100 DNA ladder or 5000 bp DNA marker (Takara, Kyoto, Japan). The gels were photographed using the gel documentation system (Bio-Rad, Hercules, CA, USA), only clear and scorable DNA bands were considered.
Statistical analysis. Induction rate (%) = the number of induced explants/the number of total initial explants × 100%;
Multiplication rate (%) = the total number of buds (≧0.3 cm)/the number of initial buds on the subcultured explants × 100%;
Rooting rate (%) = the number of the rooted plantlets/the number of total shoots × 100%; Average root numbers = the total number of roots/the number of rooted seedlings.
www.nature.com/scientificreports www.nature.com/scientificreports/ Each treatment consisted of 10 glass vessels with 4 plantlets, repeated in triplicate. SPSS software version 19.0 was used for the statistical analyses. The significance of differences among means was carried out using Duncan's multiple range test at P ≤ 0.05 and P ≤ 0.01; The results were represented as mean ± standard error of three replicates.
Results and Discussion
Shoot bud induction. The sterilized explants were inoculated into the shoot induction media and then initiated growth after 5-14 days, while petioles began to fall off and small green buds appeared (Table 1a ). The axillary bud induction phase was observed between 10-20 days. The higher the concentration of BA added, the earlier the buds sprouted. The range analysis shows that BA had the most influence on the induction rate (Table 1b) . The induction rate was only 68% in the case of low BA concentration and the lateral buds initiated late; additionally, the new buds were thin and delicate. The advantageous BA concentration is 2.0 mg/L, and the induction rate reached 79%. Previous studies also showed that BA induced the maximum response. The superiority of BA over other cytokinins was reported by Hashem, Bekircan and Hussain [36] [37] [38] . GA 3 contributes to the initiation and elongation of axillary buds as well as leaf expansion; the axillary buds began to grow after five days when GA 3 was added. Comprehensively considering growth and induction rate, half-strength MS medium supplemented with 2.0 mg/L BA, 0.1 mg/L NAA, and 1.0 mg/L GA 3 turned out to be a better medium for in vitro induction, as it supported maximum shoot bud induction (Fig. 1b) .
GA 3 has been shown to modulate the growth and development of plants, mainly by stimulating mitotic division and cell elongation 39, 40 . The positive effects of GA 3 on bud break have been reported in the tissue culture of woody plant species [41] [42] [43] [44] . However, adding the improper concentration of GA 3 has a negative effect. It was found that a high level of GA 3 effectively increased shoot length, whereas a lower concentration of GA 3 inhibited shoot growth in in vitro culture of potato 45 . GA 3 has been used to break dormancy and stimulate shoot elongation in different species of magnolias for a long time [46] [47] [48] . In the present study, GA 3 was found to be important for bud induction, effectively shortening the time of initiation and inducing stronger buds, which is consistent with previous reports 49, 50 . However, some plants cultured in vitro did not undergo any significant growth stimulation with GA 3 51 . Furthermore, GA 3 at any concentration induced the formation of malformed plants in in vitro culture of Annona emarginata 52 . Therefore, GA 3 should be used conservatively in tissue culture. Different species have different responses to GA 3 , and even different genotypes of the same species have different responses to GA 3 .
Shoot bud proliferation. The basal medium is an important substrate for plant tissue culture. Due to the genetic, biological and ecological characteristics of various plants, the nutritional components required by various plants are not the same, and the requirements for the composition of the medium are also different. Therefore, choosing the right type of medium is crucial for the success of plant tissue culture 53, 54 . Shoot buds from explants were subcultured on six media supplemented with 0.2 mg/L BA in combination with 0.01 mg/L NAA to screen the optimal medium. Among the six tested media (Table 2) , the best shoot bud proliferation and elongation were observed on DCR medium, which proliferated to 2.92 times than the original after four weeks (Fig. 1c) . Although there was no significant difference observed in the multiplication rate and shoot numbers between MS, 1/2MS, www.nature.com/scientificreports www.nature.com/scientificreports/ WPM, and DCR media, the growth state of the buds was totally different. The bud clusters on the DCR medium were verdant green and thriving, showing no defoliation, vitrification, or callus.
Further, shoot buds were subcultured on DCR medium supplemented with different combinations of BA and NAA to screen for the optimal combination and concentration of BA and NAA (Table 3 ). Apparently, there was an increase in the multiplication rate with the increase of BA concentration under the same auxin level. On the contrary, it decreased both in the multiplication rate and shoot numbers with increasing NAA concentration under the same cytokinin level. Higher number of multiple shoots occurred on the media with high BA concentrations. Defoliation and vitrification occurred when NAA concentration reached 0.06 mg/L. It is known that plantlets do not grow well when the level of growth regulator is high. Cytokinin promoted the optimal proliferation at low concentrations Among the various combinations tested, the highest rate (299%) of multiplication was observed on the medium fortified with the combination of 0.6 mg/L BA and 0.01 mg/L NAA. However, the optimal growth state of the buds as well as the shoot length (≧0.5 cm) was found on the medium fortified with the combination of 0.2 mg/L BA and 0.01 or 0.02 mg/L NAA (Table 3 ). In conclusion, the latter two combinations were more suitable for shoot bud proliferation and elongation (Fig. 1c) .
Hyperhydricity is a physiological malformation that results in excessive hydration, yellowing, swelling, glassiness, and leaf curling, which directly affects propagation 55 . In the present study, M. sirindhorniae plantlets that were grown showed signs of being hyperhydrated when cultured on MS medium and 3/4 MS medium that contained high concentrations of nitrate, especially with higher BA (Tables 2 and 3 ). Hyperhydricity disappeared when the medium was changed and the concentration of plant growth regulators was reduced. It was reported that hyperhydricity was positively correlated with tissue nitrate content and cytokinin concentration 56, 57 , which may explain why plantlets are hyperhydrated on MS medium or 3/4 MS medium. However, it is unlikely that the tissue nitrate level alone directly affects hyperhydricity. It was also reported that ventilation of culture vessels and using the proper gelling agent can relieve hyperhydricity; the use of gelrite resulted in almost four times higher hyperhydricity compared to agar-solidified medium [58] [59] [60] . Using a ventilated culture vessel was proven to be useful to relieve hyperhydricity for in vitro plantlets of M. sirindhorniae. Table 3 . Effect of different compositions and concentrations of BA and NAA on bud proliferation. ++++: vigorous and green buds; +++: healthy buds; ++: weak buds; +: unhealthy buds. Each value represents the mean ± SE of three replicates. Different lowercase letters in the same column indicated the significant difference at P ≤ 0.05; Different uppercase letters in the same column indicated the significant difference at P ≤ 0.01. (Duncan's multiple range test).
www.nature.com/scientificreports www.nature.com/scientificreports/ Rooting. The inability to induce adventitious roots is often a limiting factor in conventional cuttings and tissue culture. In an earlier review, the plants in Magnoliaceae had difficulty with root formation 61, 62 . It was reported that in vitro Magnoliaceae shoots had difficulty with rhizogenesis under the low concentration of plant growth regulators and only produced a large amount of calluses 63 . Therefore, CCC was specifically added to the rooting media for the purpose of reducing the generation of calluses 29 . However, the supplementation of the medium with CCC did not result in successful rooting. The maximum percentage of rooting (95.67%) with plentiful lateral roots and slight callus as well as the highest average root number of 1.87 was observed on half-strength DCR medium supplemented with 0.5 mg/L NAA and 0.5 mg/L IBA (Table 4 , Fig. 1d,e) . This rooting medium is more efficient compared with that used in previous research 14 . The percentage of rooting first increased and then declined with the increasing concentration of auxins, which was consistent with the in vitro rooting studies of other woody plants 12, 13, 64 . Besides, the quality of the subculture shoots evidently influenced rooting. As a consequence, it is important to obtain healthy normal shoots in the phase of multiplication culture. Table 5 . List of primers, their sequences, number, and size of the amplified fragments generated by 18 RAPD and 3 ISSR markers.
www.nature.com/scientificreports www.nature.com/scientificreports/ Acclimatization. The acclimatization of tissue cultured plants was the most difficult and labor-consuming step because the newly transplanted plantlets were highly susceptible to fungal diseases 65 . In the present study, the rooted plantlets were successfully transferred into plastic cups containing a perlite and peat soil mixture at a ratio of 1:3 followed by a series of effective protection measures. After being transplanted, the plantlets must be watered and then covered with plastic film and shading net to maintain high humidity. Additionally, it is necessary to spray the plantlets with a carbendazim solution to increase plant tolerance to environmental stresses. Ventilation and removal of fallen leaves and rotten seedling should be performed in a timely manner to prevent plant diseases and insect pests. The plastic film and shading net was removed after two weeks. The survival rate of plantlets reached 90.2% (Fig. 1f,g ). After lignification, they were transferred to the field. Regenerated plants grew well in the field and were phenotypically similar to the mother stock (Fig. 1h) . www.nature.com/scientificreports www.nature.com/scientificreports/ Assessment of genetic uniformity of regenerated plants. Compared with the natural environment, in vitro culture is more complicated and stressful, which is more likely to cause genetic variation 66 . Therefore, it is necessary to assess the genetic uniformity of the regenerated plants before confirming the success of a micropropagation protocol. In the present study, a total of 174 bands were generated by RAPD and ISSR markers with an average of 8.3 bands per primer (Table 5) . Eighteen RAPD primers generated 152 clear and scorable bands in total, ranging from 250 to 4000 bp. The number of bands generated by a single RAPD primer varied from 5 to 13 (Table 5 , Fig. 2 ). Three ISSR primers generated 22 clear and scorable bands in total, ranging from 250 to 5000 bp. The number of bands generated by a single ISSR primer varied from 6 to 9. Compared with the negative control, no polymorphic bands were detected between mother plant and regenerated plants, confirming the genetic uniformity and stability of regenerated plants of M. sirindhorniae (Table 5, Fig. 3 ). Our results demonstrate that axillary shoot proliferation minimizes the chance of instability, consistent with previous reports 17, 67, 68 . This is the first report of genetically sustainable micropropagation in Magnolia plants.
Conclusions
The present report describes an efficient protocol for large-scale micropropagation from axillary nodal explants of M. sirindhorniae. Direct multiple shoot induction suppresses the risk of genetic instability. The maximum shoot bud induction (79.0%) occurred on 1/2 MS medium supplemented with 2.0 mg/L BA, 0.1 mg/L NAA, and 2.0 mg/L GA 3 . It turned out that DCR medium was the best basic medium for in vitro propagation of M. sirindhorniae, and the highest proliferation rate (310%) was obtained on DCR medium fortified with 0.2 mg/L BA and 0.01 mg/L NAA. Half-strength DCR medium supplemented with 0.5 mg/L NAA and 0.5 mg/L IBA was proven to be the best for rooting, and the highest rooting percent (nearly 96%) was achieved in spite of the fact that it is difficult for Magnoliaceae plants to root in plant tissue culture. The regenerated plantlets were well-acclimatized to the wild. RAPD and ISSR markers confirmed the genetic uniformity of regenerated plants. Hence, this protocol can be successfully used for the commercial multiplication of M. sirindhorniae.
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